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intRoduction
High blood pressure (BP) is an important global health challenge and a major risk factor for cardiovascular disease [1] worldwide. Hypertension has been shown to play a key role in the pathophysiology of life-threatening diseases, including hypertensive heart disease, coronary artery disease, and stroke. [2] According to the 2010 report on the Global Burden of Disease, hypertension was ranked as the leading single risk factor for premature death and loss of disability-adjusted life years. [3] Among the anticipated effects of global climate change is an increase in the frequency, duration, and intensity of extreme weather, including heat waves and cold spells; these extremes may have adverse health effects. [4, 5] BP is highly sensitive to temperature variations, and estimating the effect of temperature on BP is very important for the prevention and control of hypertension.
Although a large number of epidemiological studies have analyzed the relationship between temperature and BP, their results have been inconsistent. [6, 7] Some studies have shown that systolic BP (SBP) and diastolic BP (DBP) are significantly higher in winter than in summer, which suggests a relationship between outdoor temperature and BP. However, other studies have found a nonsignificant association between temperature and BP. In many of these studies, small study populations limited their power to detect a relationship between temperature and BP. Thus, in this systematic review and meta-analysis, we pooled evidence from relevant epidemiological studies to explore the relationship between ambient temperature and BP.
by PubMed, Web of Science, and ScienceDirect between 1980 and 2016 using the following keywords: "temperature," "cold," "warm," "heat," "climate," "blood pressure," and "hypertension." In addition, we reviewed the references cited in the articles that met our selection criteria. We selected only articles describing human studies that were published in English. Articles meeting the inclusion criteria were initially identified by reviewing the titles and abstracts; the full text of all articles that passed this initial screening was then reviewed. Based on the temperature exposure used in each study, we categorized each article into one of the two categories: (1) low/moderate-temperature exposure and (2) high-temperature exposure. Studies that stated clearly in the text that the exposure was to high temperature were classified in the high-temperature exposure category. However, most studies analyzed the impact of daily temperature changes on BP in a year, and the temperature exposure was not clearly described. We classified these studies into the low/moderate temperature category if no specific analyses of the impacts of very cold or hot temperatures on BP were mentioned and if the reported temperature range was between 0°C and 30°C. The study screening process is shown in Figure 1 .
The criteria for eligibility required that studies: (1) were population based, (2) provided a quantitative evaluation of the relationship between ambient temperature and BP, and (3) contained an outcome measure related to BP changes (in mmHg). Studies were excluded if they were animal or toxicological studies, provided only qualitative evaluation, proposed only nonlinear relationships between temperature and BP, or were review or commentary articles.
Quality assessment
The quality of each of the included studies was assessed using the Newcastle-Ottawa scale. [8] We evaluated the study quality by considering the selection of the study groups, the comparability of the groups, and how either the exposure or outcome of interest was determined in case-control or cohort studies, respectively. A maximum of one point was given for each item based on the selection and exposure/outcome categories and a maximum of two points for comparability; thus, each study could achieve a total score ranging from 0 to 9 points, with a higher score indicating higher quality. The results of the scoring process are shown in Table 1 .
Data extraction
Data extracted from the eligible articles included first author, publication year, country and location, time span, study design, method of temperature measurement, BP and 95% confidence interval (CI), population, any lag in onset of the temperature effect, and controlled variables such as population characteristics, season, and humidity.
Data analysis
The absolute changes in SBP and DBP were considered the variables of interest. Statistical analysis involved three steps: (1) calculating the pooled effect sizes using a random effects model, (2) performing separate subgroup analyses based on the study design, age, sex, latitude, income level, temperature environment, and study population, and (3) conducting a sensitivity analysis.
In step 1, different study designs, methods of temperature measurement, geographical location, population characteristics, and timing of effect onset (lag pattern) resulted in significant heterogeneity between studies; therefore, a random effects model was applied to calculate the pooled effect sizes. [9] Because of the limited number of included studies, we included all lag patterns in the meta-analysis. [10] Heterogeneity between studies was quantified by the coefficient of inconsistency (I 2 ) and classified as low (<25%), moderate (25%-75%), or high (≥75%). [11] Funnel plots and Egger's tests were used to evaluate the potential effect of publication bias. [12, 13] To further investigate heterogeneity, we performed separate subgroup analyses (step 2) based on study design, age (<50 vs. >50 years), sex (men% <50% vs. men% ≥50%), latitude (latitude <40° vs. latitude ≥40°), national income level (low-and middle-income country vs. high-income country), temperature environment (outdoor temperature vs. indoor temperature), and study population (hypertensive patients vs. nonhypertensive participants).
In step 3, we conducted a sensitivity analysis to examine the robustness of the findings. First, we calculated the pooled effect sizes for the lag pattern only. Second, we calculated the 
Results

Included studies
A total of 1868 articles were identified by our systematic search. Of these, 1803 were excluded after title and abstract review, and 50 were excluded after review of the full article. Fifteen studies, representing more than 269,000 study participants, were included in the final meta-analysis. Of the included studies, 12 reported the effects of low/moderate-temperature exposures, [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] two reported the effects of high-temperature exposures, [6, 26] and one reported the effects of exposure to low, moderate, and high temperatures. [7] Table 1 shows the characteristics of the studies included in the meta-analysis.
Of the included studies, nine were panel studies, three were cohort studies, two were cross-sectional studies, and one was a historical data analysis. The method used to measure temperature differed among the included studies. Ten studies assessed the relationship between outdoor temperature and BP using outdoor temperature data obtained from the meteorological monitoring stations near the study areas. Three studies monitored the indoor temperature in the house of the study participants, and one study focused on personal environmental temperature measured by temperature-recording devices worn by the participants. The most common study population was a sample of the general population (n = 6). Three studies focused on older patients, two focused on hypertensive patients, and one focused on older hypertensive patients. Four studies were conducted in China, two in the United States, and the rest were performed in Japan, the United Kingdom, Germany, Italy, France, Korea, the Netherlands, and Ghana [ Figure 2 ].
Primary analysis
The pooled effect sizes for low/moderate-temperature exposure and high-temperature exposure were reported separately. For low/moderate-temperature exposure, 1°C temperature decrease was associated with 0.26 mmHg (95% CI: 0.19-0.32) increase in SBP and 0.13 mmHg (95% CI: 0.08-0.18) increase in DBP [ Figure 3 ]. For high-temperature exposure, the relationship between BP and temperature was not statistically significant [ Figure 3 ].
The heterogeneity between studies was high (I 2 = 96.92% for SBP with low/moderate-temperature exposure, I 2 = 94.51% for DBP with low/moderate-temperature exposure; I 2 = 80.67% for SBP with high-temperature exposure, I 2 = 56.30% for DBP with high-temperature exposure), and these results reflected the inconsistency in the findings of the included studies. 
Subgroup analyses
S u b g r o u p a n a l y s e s w e r e o n l y p e r f o r m e d f o r low/moderate-temperature exposures because only three studies explored the association between high-temperature exposures and BP. The subgroup analyses were stratified by study design, age, sex, latitude, income level, temperature environment, and study population. Age was found to modify the association of low/moderate temperature with SBP. Age, study design, latitude, and temperature environment were found to modify the association between temperature and DBP. The relationships between low/moderate-temperature exposure and SBP and DBP were stronger in the subgroup aged ≥50 years, with a significant difference between populations younger than 50 years and populations aged 50 years or more. When only panel studies were included in the analysis, the pooled effect sizes were 0.35 mmHg (95% CI: 0.17-0.53) for SBP and 0.70 mmHg (0.15-1.25) for DBP. When only nonpanel studies were included in the analysis, the pooled effect sizes were 0.28 mmHg (0.14-0.42) for SBP and 0.07 mmHg (0.04-0.09) for DBP. The relationship between low/moderate-temperature exposure and DBP was stronger in panel studies. The association between low/moderate-temperature exposure and DBP was also significantly different between different latitudes and temperature environments. The association was stronger at ≥40° latitude, while the association of BP with indoor temperature was stronger than its association with outdoor temperature. The results of the subgroup analyses are shown in Figure 4 .
Sensitivity analyses
Again, because of the small number of studies that explored the association between high-temperature exposure and BP, we only performed sensitivity analyses for low/moderate-temperature exposures. The results of these sensitivity analyses suggested that the meta-analysis results are robust [ Figure 5 ]. First, the pooled effect sizes calculated for studies with no lag in temperature effects (lag0) showed only very small differences between studies. In comparison with the primary analysis, the pooled effect sizes were higher for SBP (0.43, 95% CI: 0.36-0.50) and DBP (0.14, 95% CI: 0.08-0.21) when using data from lag0 studies. In addition, the pooled effect sizes did not change significantly after the single studies with the largest and the smallest estimates were excluded from the analysis. Finally, the results of analysis using the trim and fill method were not significantly different from the results of the primary analysis. The pooled effect sizes were 0.25 mmHg (95% CI: 0.19-0.32) for SBP and 0.13 mmHg (95% CI: 0.08-0.18) for DBP. The funnel plots after the trim and fill method was applied are shown in Supplement Figure 2. discussion This is the first meta-analysis to quantitatively explore the relationship between temperature and BP. For low/moderate-temperature exposure, a decrease in temperature was associated with an increase in BP. Study design, age, latitude, and temperature environment were found to modify this relationship; however, the effects of these variables were inconsistent between SBP and DBP. The sensitivity analyses did not substantially change the primary findings.
The findings from the current meta-analysis provide evidence that temperature may affect cardiovascular morbidity and mortality. This may also be applicable to the prevention and treatment of hypertension. Seasonal variations in outdoor temperature may affect BP, and this should be considered in the treatment of hypertensive patients. For example, patients with hypertension may need higher doses of medication in winter than during other seasons. [27] In addition, our findings provide a scientific basis for the medical impact of weather forecasting. When temperatures decline or rise significantly, the public, and especially older people and other groups particularly vulnerable to temperature changes, could be advised to take suitable preventive measures.
For low/moderate-temperature exposure, all of the included studies indicated that reductions in temperature were associated with increases in SBP and DBP, although the sizes of these effects varied among the individual studies as a result of differences in study design, methods of temperature measurement, geographical location, population characteristics, and lag pattern. The biological mechanisms explaining the relationship between cold exposure and increased BP are still unclear. Activation of the sympathetic nervous system after exposure to cold stress can induce circulatory vasoconstriction. The renin-angiotensin-aldosterone system can also be activated in response to direct cold exposure, as well as by sympathetic activation. The resulting vasoconstriction and activation of the neuroendocrine system may lead to elevated BP. [15] We found inconsistencies in the results of previous studies regarding the effects of high-temperature exposure on BP. One study indicated a significant inverse relationship between high-temperature exposure and BP, [6] another reported an estimate with no statistical significance, [26] and a third showed a positive association with SBP and no relationship with DBP. [7] Figure 2: Countries with included studies stratified as high-or low-to-middle income Thus, in this meta-analysis, we found no statistically significant relationship between high-temperature exposure and SBP or DBP. A possible explanation for this is that the wide variation of temperature ranges studied obscured any effects. In addition, other potential confounding factors, such as age, sex, and study region, may have obscured any associations between high-temperature exposure and BP.
Our results indicate that the association of low/ moderate-temperature exposure with SBP and DBP was stronger in the subgroup aged ≥ 50 years. This result suggests that older populations may be more affected by temperature exposure than younger populations. Potential mechanisms for this finding include the age-related increase in arterial stiffness, and the increased likelihood of baroreflex and vasoreactivity dysfunction in older individuals. Our findings suggest that older populations should be given additional attention when cool weather comes. A stronger association was found in the subgroup of studies using a panel study design than in other studies; panel studies measured BP at multiple time points and may be better suited to detect the short-term effects of temperature changes on BP than other study designs. This result suggests that a panel study design is suitable to analyze the relationship between temperature and BP, and more studies of this type are needed.
An increase in BP associated with low/moderate-temperature exposure was observed in the indoor temperature subgroup, where the pooled effect sizes were 0.59 mmHg (95% CI: 0.25-0.93) for SBP and 0.60 mmHg (95% CI: 0.30-0.80) for DBP. An increase was also observed in the outdoor temperature subgroup, but the effect was much smaller; the One study recorded personal environmental temperature using a measurement instrument worn by the study participants; [21] we believe that this method may better reflect actual individual temperature exposure.
The relationship between low/moderate-temperature exposures and BP was stronger in the subgroup of populations that were >50% men and in the high-income subgroup, but these differences were not significant. A greater association between temperature and BP in males was also found in a Chinese study, [22] which demonstrated that males experienced significantly greater yearly fluctuations in DBP than females. In contrast, the results of another study suggested that women are more sensitive to cold exposure than men. [15, 28, 29] The effect of gender differences on the BP reaction to temperature is still controversial, and further studies are needed to confirm the current findings. We also did not find statistically significant differences between different latitudes or study populations. This may be due to the low statistical power that resulted from including relatively few studies in our meta-analysis.
When considering lag effects, the results of our sensitivity analyses showed that the BP increase associated with low/ moderate-temperature exposure calculated using lag0 studies only was stronger than in the primary analysis. This finding suggests that the effect of temperature on BP has an immediate effect.
The strengths of our work include the selection of studies based on clear criteria for eligibility and exclusion, and that the study quality was assessed using the Newcastle-Ottawa scale. We also conducted sensitivity analyses to examine the robustness of the findings, which helped ensure a high degree of validity in our results. However, this meta-analysis also had some limitations. First, because of the small number of studies included, we identified some potentially significant between-subgroup differences as nonsignificant trends; these may provide the basis for future research. Furthermore, because of the small number of studies included, our subgroup analyses were limited. Although we investigated some possible sources of heterogeneity, many other confounding factors have not been considered; these include publication year, method of temperature measurement, and geographical location. In addition, the temperature range during each study period and the definition of temperature exposure were different for the included studies, resulting in significant heterogeneity. Furthermore, most of the included studies analyzed the impact of daily temperature changes on BP over a year, but did not clearly describe the temperature exposure, so we were unable to separate low-and moderate-temperature exposure in the analysis. More research is needed to identify potential confounding factors, such as geographical location and the method of temperature measurement. Previous studies were mostly conducted in single cities, were performed by different scholars, and used varying study designs. A multicity study based on a consistent framework would generate a more reliable scientific conclusion. Currently, most studies applied a linear model to analyze the relationship between temperature and BP; however, the influence of temperature on BP may be different in various temperature ranges and may exhibit a nonlinear relationship. There has been only one study that analyzed the association between temperature and BP using a nonlinear model. Future studies should apply nonlinear models to more fully analyze the relationship between temperature and BP.
conclusion
Our results indicate that, for low/moderate-temperature exposure, a decrease in temperature is associated with an increase in BP. However, the relationship between high-temperature exposure and BP was not statistically significant in our meta-analysis. The findings of this comprehensive study provide evidence of a potential mechanism for the effect of temperature on cardiovascular morbidity and mortality and can also be applied in the prevention and treatment of hypertension.
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